The addition of 9-cis retinoic acid to the oocyte maturation culture medium has a beneficial effect on in vitro fertilized embryos. However, the mechanism of this activity is not known. Therefore, this study was done to elucidate the effect of 9-cis retinoic acid on parthenogenetic embryo production and its signaling pathway and molecular function during in vitro maturation of porcine cumulus cell-oocyte complexes (COCs). Concentrations of 0, 5, 50, and 500 nM 9-cis retinoic acid were added to the in vitro maturation medium, and the embryos were assessed after parthenogenetic activation. Cumulus cells and oocytes from the in vitro matured COCs were separated and subjected to RT-PCR and real-time RT-PCR for detecting retinoic acid receptors and measuring expression of prostaglandinendoperoxide synthase1 and 2. The addition of 5 nM 9-cis retinoic acid to the maturation medium was beneficial for parthenogenetic embryo production. The effect of 9-cis retinoic acid was exerted directly through the oocytes via the retinoic acid receptor alpha and retinoid X receptor gamma signaling pathways and indirectly through the cumulus cells by the retinoic acid receptor beta and gamma and retinoid X receptor alpha and beta signaling pathways. The addition of 5 nM 9-cis retinoic acid-stimulated cumulus cells reaches full expansion by suppressing their excessive expression of prostaglandin-endoperoxide synthase 2. This study shows that 9-cis retinoic acid can exert its beneficial effect on parthenogenetic embryo production in pigs by multidimensional pathways affecting oocyte maturation.
INTRODUCTION
The linkage between the diet and congenital malformations of the embryo was first shown with vitamin A deficiencies. Initial experiments were performed as long ago as the 1930s on pigs [1] , which demonstrated that 100% of the embryos born to a vitamin A-deficient sow showed congenital abnormalities. Over the subsequent decades, such abnormalities became familiar and were seen in many other mammalian species such as rats, rabbits, cattle, sheep, and humans [2] . It could be argued that the effects of hypovitaminosis A are so widespread as to be meaningless, but beginning in the 1950s, it became apparent that hypervitaminosis A produces the same spectrum of congenital malformations [3, 4] , showing the importance of correct dietary intake or dosage of vitamin A. The effects of vitamin A were also observed during follicular growth, and an overdose had teratogenic effects [5] . Recently, addition of retinoic acid, the oxidized form of vitamin A, during in vitro maturation (IVM) of oocytes was shown to increase blastocyst production rate after in vitro fertilization (IVF) in several species [6] [7] [8] [9] [10] . These reports revealed that the effects of vitamin A on embryogenesis are important as early as during oocyte maturation. However, to reduce adverse effects of hypervitaminosis A, the optimum concentration of retinoic acid should be examined.
In the living cell, the retinol metabolite retinoic acid (RA) controls cell growth and differentiation by activating or silencing a large number of genes. The conversion of all-trans RA (atRA) to 9-cis retinoic acid (9cRA) and other isomers (a reversible process) produces biologically active compounds that enter the nucleus and bind to specific RA receptors (RARs) and/or retinoid X receptors (RXRs) [11] . Both RARs and RXRs have three isoforms known as alpha, beta, and gamma that are activated either by RA and/or 9cRA. These ligandbound RARs and RXRs function as transcription factors by binding to cis-acting DNA sequences called RA-response elements located within the transcriptional regulation region of genes [12] . The RA-signaling pathway is well studied in cell cultures [13] , embryonic stages [14, 15] and adults in vivo [16] . Although bovine cumulus-granulosa cells have been shown to contain biologically active retinoid receptors that can respond to RA [17] , there has been no study of the RA-signaling pathway in cumulus cells and oocytes and its importance for embryogenesis. During development of the ovarian follicle, the follicular somatic cells play an important role in the growth of the oocyte and the regulation of oocyte meiotic maturation. These functions are mediated by membrane specializations called gap junctions between the oocyte and the surrounding cumulus cells. Expansion of these cumulus cells, which is thought to be related to prostaglandins (PGs), plays an important role in the maturation of oocytes during meiotic resumption [18] .
The PGs are involved in cumulus cell expansion in vitro in mice [19] , rats [20] , and cattle [21] . The PG synthesis pathway is controlled by cyclooxygenases known as prostaglandinendoperoxide synthase 1 (PTGS1) and prostaglandin-endoper- oxide synthase 2 (PTGS2). In mice, rats, cattle, and equines, PTGS2 is expressed in the granulosa cells of preovulatory follicles following human chorionic gonadotropin treatment concomitant with cumulus expansion [22] [23] [24] . Mice carrying a null mutation for the Ptgs2 exhibited abnormal expansion of the cumulus cells [23] . Thus, the PTGS2 isoform is likely to have an important role in cumulus expansion. It is not known what expression level of PTGS2 is suitable for full expansion of porcine cumulus cells. However, several studies show that 9cRA inhibits PTGS2 expression [25, 26] . Therefore, if PTGS2 is present in porcine cumulus cells or oocytes, then it might be regulated by adding 9cRA to the IVM media.
Transgenic or cloned pigs are very useful and valuable models for biomedical research. However, the in vitro production of porcine embryos for producing transgenic or cloned pigs has been limited by low rates of development into blastocysts [27] and poor quality compared to blastocysts produced in vivo [28] . To improve the efficiency of in vitro production of porcine embryos, the present study was performed to find the optimum concentration of 9cRA for IVM of porcine oocytes and their development to the blastocyst stage. Moreover, the biology of the 9cRA-signaling pathway and its molecular function in porcine cumulus cell-oocyte complexes (COCs) were elucidated to understand the mechanisms of 9cRA action during IVM.
MATERIALS AND METHODS

Chemicals and Reagents
All the chemicals and reagents in this experiment were purchased from Sigma-Aldrich Co. unless otherwise stated.
Oocyte Recovery
Ovaries were obtained from gilts or sows at a local slaughterhouse and were transported to the laboratory within 1 h after collection in 0.9% NaCl at 258C-308C. After washing the ovaries three times with warm 0.9% saline, COCs were aspirated from antral follicles (3-6 mm in diameter) with an 18-gauge needle fixed to a 10-ml disposable syringe (Becton Dickinson Korea Ltd.). The recovered oocytes were washed three times with tissue culture medium (TCM)-199 Hepes (Invitrogen) and selected for IVM on the basis of visual assessment of morphological features, that is, a compact multilayered cumulus mass and a dark, evenly granulated cytoplasm.
In Vitro Maturation
The COCs were cultured in TCM-199 supplemented with 10 ng/ml epidermal growth factor, 0.57 mM cystine, 0.91 mM sodium pyruvate, 5 lg/ml insulin, 1% (v/v) Pen-Strep (Invitrogen), 0.5 lg/ml follicle stimulating hormone (FSH), 0.5 lg/ml luteinizing hormone (LH), and 10% porcine follicular fluid with or without 9cRA (9cRA was first prediluted in dimethyl sulfoxide and then diluted into TCM-199; the dimethyl sulfoxide concentration in the control and treatment groups were identical) at 398C in a humidified atmosphere of 5% CO 2 for the first 22 h, then for another 22 h without FSH, LH, and 9cRA. The final concentration of dimethyl sulfoxide was 0.25 ll in culture medium in each group. The COCs were treated with 5, 50, and 500 nM 9cRA during IVM. The oocytes and cumulus cells were separated by pipetting with 0.1% hyaluronidase in Dulbecco phosphate-buffered saline (PBS) (Invitrogen) supplemented with 0.1% polyvinyl alcohol. Then the denuded oocytes and separated cumulus cells were subjected to total RNA extraction, or oocytes were parthenogenetically activated for in vitro culture (IVC).
Assessment of Cumulus Cell Expansion
The extent of COC maturation was assessed by microscopic examination using the cumulus cell expansion index (CCEI) scoring system (0 to 4þ) according to Vanderhyden et al. [29] . In brief, a score of 0 indicates no detectable response, while 1þ indicates the minimum observable response, that is, cumulus cells having a glistening appearance, and 4þ indicates the maximum degree of expansion, that is, the cumulus oophorus exhibits full expansion and the innermost corona radiata layer is clearly visible.
Parthenogenetic Activation
Denuded oocytes were kept in a four-well cell culture plate (SPL Lifesciences Co. Ltd.) containing mannitol (0.25 M) for 15 min to allow the oocytes to settle. The oocytes were then transferred into a special mannitol chamber connected with a BTX electro cell manipulator 2001 (BTX Inc.) and activated by a single pulse of 1.5 kV/cm for 60 lsec.
In Vitro Cell Culture
Activated oocytes were washed and transferred into 450 ll of porcine zygote medium-3 [30] covered with mineral oil and cultured at 398C in an atmosphere of 5% CO 2 , 5% O 2 , and 90% N 2 . On Day 2, embryos were evaluated for cleavage to the 2-cell stage or beyond. Blastocyst formation and expansion were assessed on Day 6, 7, and 8 and hatching up to Day 10.
Total Blastocyst Cell Count
Briefly, Day-7 blastocysts were fixed in absolute alcohol, and then the nuclei were stained with 25 lg/ml bisbenzimide (Hoechst 33258) overnight at 48C. Fixed and stained blastocysts were mounted on a glass slide in a drop of glycerol, gently flattened with a cover glass and visualized for cell counting with a fluorescence microscope using a 346 nm excitation filter. Digital photographs were also taken for counting cell numbers using ImageJ 1.42q (National Institutes of Health, http://rsb.info.nih.gov/ij).
Total RNA Extraction
A total number of 80 COCs were used in each batch for total RNA extraction. Total RNAs were extracted from detached cumulus granulosa cells and from denuded oocytes using the easy-spin (DNA-free) Total RNA Extraction Kit (iNtRON Biotechnology, Inc.) according to the manufacturer's instructions with slight modifications where needed. In brief, cumulus granulosa cells were washed twice with Dulbecco PBS. Denuded oocytes were washed twice with Dulbecco PBS and then treated with diethylpyrocarbonate (DEPC)-treated water until the breakdown of the zona pellucida. The oocytes were immediately picked up in a minimum amount of DEPC-treated water and then exposed to À808C cold shock for 3 min followed by incubation at room temperature for 2 min; this procedure was repeated twice. Total RNAs were then eluted from all the samples following the manufacturer's protocol. The eluted total RNAs were calculated by spectrophotometry (Gene Quant Pro RNA/DNA calculator; Amersham Pharmacia Biotech, AB). The mRNA concentrations varied from 125 to 200 lg/ml, and the range of their integrity (using values at 260nm/280nm) varied from 1.8 to 2.0. Total RNA were equalized for concentration across all the samples, and they were immediately stored at À808C until used for RT-PCR and real-time RT-PCR.
RT-PCR
Total RNA was subjected to RT-PCR to detect the expression of RARs, RXRs, PTGS1, and PTGS2. The cDNA was synthesized from 1 lg of total RNA using a SuperScript III First-Strand cDNA synthesis kit (Invitrogen Life Technologies), which contained all the products except for total RNA, following the manufacturer's instructions with slight modifications. Briefly, 5-8 ll of 1 lg/ml of total RNAs were placed in 0.5 ml PCR tubes, and then 1 ll of 50 lM oligo(dT) 20 and 1 ll of 10 mM dNTP mix were added. DEPC-treated water was added to the tubes to make 10 ll total volume, which were then incubated at 658C for 5 min, and then placed on ice for 2 min. In each tube, 2 ll RT buffer (10X), 4 ll 25 mM MgCl 2 , 0.1 M dithiothreitol, 1 ll RNaseOut (40 U/ll), and 1 ll SuperScript III RT (200 U/ll) were added and mixed gently. The mixtures were centrifuged briefly and incubated for 50 min at 508C. The reactions were terminated at 858C for 5 min and chilled on ice, collected by brief centrifugation, and 1 ll RNase H (2 U/ll) was added to each tube and incubated for 20 min at 378C. The synthesized cDNAs were stored at À208C until used for PCR.
For PCR, Maxime PCR PreMix kit (i-StarTag; iNtRON Biotechnology, Inc.) was used. In each PCR tube, 1 ll of cDNA, 1 ll of 10 pmol/ll forward primer, 1 ll of 10 pmol/ll of reverse primer, and 17 ll of sterilized distilled water were added according to the manufacturer's instructions. These components were then mixed and centrifuged briefly. The primers used for PCR are shown in Table 1 . PCR was done using a PCR machine (TGradient). PCR amplification was carried out for 1 cycle with denaturing at 948C for 5 min, and subsequently for 40 cycles with denaturing at 948C for 30 sec, annealing at 558C (a house keeping gene GAPDH and target genes RARs and RXRs), 50.18C (PTGS1), and 62.18C (PTGS2) for 30 sec, extension at 728C for 30 sec, and a final extension at 728C for 10 min. Amplified PCR products were 9-CIS RETINOIC ACID SIGNALING PATHWAY IN COCs separated by gel electrophoresis (Mupid-exu; Takara Bio Inc.) at 100 V for 20 min. A 2% agarose gel was prepared using Agarose (Invitrogen) and 1X TAE buffer. The staining dye, RedSafe (iNtRON Biotechnology Inc.), was used at a concentration of 2.5 ll/50 ml of gel. The gels were imaged under ultraviolet light, and the intensities of the bands were measured using ImageJ 1.42q (National Institutes of Health) from digital photographs of the agarose gels.
To evaluate if PCR amplifies the correct genes, all the amplified PCR products were sequenced. PCR products were fractionated on a 2% agarose gel and isolated from the gels with a PCR purification kit (Bioneer Corporation). The purified DNA was directly sequenced using an automated DNA sequencer with the same RT-PCR primers (Supplemental Figure S1 , available online at www.biolreprod.org).
Real-Time RT-PCR
The cDNAs were synthesized as described above in the RT-PCR section. All the primers were designed and subjected to standard curve analysis to confirm the efficiency of primers according to Applied Biosystems. The standard curve slopes were found satisfactory to use for the experiment. Realtime PCR plate was made according to Takara Bio Inc. with slight modification. In brief, all the primers were standardized using a standard curve. The following were placed in a MicroAmp optical 96-well reaction plate: 2 ll cDNA, 1 ll of 10 pmol/ll forward primer, 1 ll of 10 pmol/ll reverse primer, 8 ll SYBR Premix Ex Tag (Takara Bio Inc.), 0.4 ll ROX reference dye (Takara Bio Inc.), and 9.6 ll of nuclease-free water (Ambion Inc.). For each sample, four replications were made in a plate. The wells were capped by using MicroAmp optical 8-cap strip. The plate was then vortexed and centrifuged briefly in a plate spinner. Real-time PCR was done using a 7300 real-time PCR system (Applied Biosystems) according to the manufacturer's instructions. The GAPDH housekeeping gene was used to normalize samples for DNA quality and quantity. GAPDH expression did not vary significantly among the samples used for each experimental groups. Relative quantification of the target genes PTGS1 and PTGS2 were done by the DDCt approach as suggested by Applied Biosystems for the relative quantification of mRNA transcripts [31] .
Statistical Analysis
Statistical analysis was done utilizing GraphPad Prism 4.02 (Graphpad Software Inc., http://www.graphpad.com). The data were analyzed by one way-ANOVA followed by Tukey test (Table 2 and Figs. 1, 4A, and 7) or unpaired Student t-test (Table 3 and Fig. 5A ). The results were termed significant when P , 0.05. The data were tabulated as mean values 6 standard error.
RESULTS
Effects of 9cRA on Parthenogenetic Cleavage and Embryo Production Rate
Cleavage rates were calculated 48 h after activation ( Table 2 ). The highest cleavage rate was observed in the 5 nM 9cRA-treated group (84.30%) versus 70.26% cleavage in the control group (P , 0.001). The cleavage rates in the 50 nM (62.93%) and 500 nM 9cRA-treated (49.50%) groups were lower (P , 0.001) than the control group. The highest (P , 0.001) blastocyst formation rates were found in the 5 nM 9cRA group on all 3 days (30.86%, 49.19%, and 54.50%, respectively) compared to the control group. However, the higher concentrations of 9cRA (50 and 500 nM) showed lower production of parthenogenetic embryos compared to the control group. The highest proportion of expanded blastocysts (37.62%) was recorded in the 5 nM 9cRA-treated group (P , 0.001) whereas the 50 and 500 nM 9cRA-treated groups were lower than the control group. Similarly, the highest (P , 0.001) hatching rate was also recorded in the 5 nM 9cRA-treated group (16.17%) compared to the control and the other treatment groups ( Table 2) .
The average numbers of cells at the blastocyst stage were counted to measure the effects of 9cRA on blastocyst quality. The results show that the numbers in control (47.00) and 5nM (54.67) and 50 nM (38.00) 9cRA-treated groups were not significantly different, but cell numbers were decreased (P , 0.05) in the 500 nM 9cRA-treated group (Fig. 1) .
Cumulus Cell Expansion
The COCs were evaluated at 6, 12, 18, 24, 30, 36, and 44 h of IVM for the cumulus cell expansion rate (Table 3) according to the guideline established by Vanderhyden et al. [29] . The results showed that there were no significant changes observed in the 5 nM 9cRA-treated group until 36 h of IVM when compared to control group (Fig. 2 , A-L, and Table 3 ). However, when cumulus cell expansion was assessed at 44 h of IVM, 70% of COCs reached a CCEI of 4þ in the 9cRA-treated group, which was higher (P , 0.001) than the control group ( Fig. 2N and Table 3 ). On the other hand, most of the cumulus cells of the control group were at CCEI 3þ at 44 h of IVM ( Fig. 2M and Table 3 ). More than 70% cumulus cells were termed CCEI 1þ within 6 h of IVM (Fig. 2, A and B, and Table 3 ). Most of the cumulus cells were expanded to CCEI 2þ at 12 h of IVM in both control and 9cRA-treated groups (Fig.  2 , C and D, and Table 3 ). The maximum number of cumulus cells were expanded to CCEI 3þ after 24 h of IVM (Fig. 2 , G-M, and Table 3 ).
PTGS1 and PTGS2 mRNA Expression
Expression of PTGS1 in cumulus cells and oocytes was determined by RT-PCR. Both PTGS1 and PTGS2 were not detected in the oocytes (Fig. 3) . However, PTGS1 was expressed and increased (P , 0.001) 8.38-fold in the control group and 5.86-fold in the 5 nM 9cRA-treated groups when compared to immature cumulus cells by real-time PCR (Fig. 4) . L) The corona radiata shows a glistening appearance, indicating that it has started further expansion; however, it still was counted as advanced CCEI 3þ complexes. N) A score of 4þ indicates the maximum degree of expansion, that is, the cumulus oophorus and corona radiata (circle) have undergone expansion. All the pictures were taken by an inverted microscope at 203 magnification except M and N, which were photographed under 103 magnification. IVM at 6, 12, 24, 30, and 36 h when compared to the control groups (Fig. 5) .
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Detection of the RA-Signaling Pathway
Immature cumulus granulosa cells contained RARA, RARB, RARG and RXRA, and RXRB and RXRG receptors, whereas immature oocytes contained only RARA, RARB, and RXRG receptors. However, IVM (control) cumulus cells were positive for RARB, RARG and RXRA, and RXRB and RXRG receptors while only RARA and RXRG were detected in oocytes. However, no RXRG receptors were detected in 5 nM 9cRA-treated cumulus granulosa cells (Fig. 6) . When the COCs were treated with 5 nM 9cRA, the expression levels of RARB, RARG, RXRA, and RXRB receptors were increased (P , 0.001) in cumulus granulosa cells (Fig. 7A) compared to control RARB, RARG, RXRA, and RXRB while the expression of RARA and RXRG receptors was increased significantly in oocytes (Fig. 7B ) compared to control RARA and RXRG.
DISCUSSION
Retinoic acid must be supplied to the embryo within a physiological range, which makes the choice of dosage of RAs important because both excess and deficiency of RAs cause abundant teratogenic defects due to pleotrophic activity [32] . Both atRA and 9cRA have been used during the last decade to improve in vitro embryo production in many mammalian species including pigs [6] [7] [8] [9] [10] [33] [34] [35] though the optimum concentration of RAs was variable. Moreover, it was proposed that atRA is reversibly converted to 9cRA and vice versa [36, 37] . Considering these findings, we added 9cRA at different concentrations to determine the optimum concentration during IVM for producing parthenogenetic embryos because the 9cRA isomer has been reported to give more potent results than the atRA isomer [38] .
We found that parthenogenetically activated embryo cleavage rates and blastocyst formation rates were highest in the 5 nM 9cRA-treated group when compared to the control and the 50 and 500 nM 9cRA-treated groups (Table 2) , which is in agreement with the result of previous studies of in vitro fertilized embryo production in cattle and pigs [6, 33] . However, our result is in contrast to the IVF study by Lima et al. [8] who showed that 500 nM 9cRA added to bovine maturation medium increased blastocyst production whereas our results show that 500 nM 9cRA is actually slightly toxic to oocytes.
Optimum expansion of the cumulus mass is essential for oocyte maturation [39, 40] . We examined the effect of 5 nM 
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9cRA on PTGS2, the enzyme responsible for the synthesis of PG [41, 42] , which plays a vital role in cumulus cell expansion [19] [20] [21] . The two isoforms of cyclooxygenase-PTGS1 and PTGS2-mainly differ in their pattern of expression and their regulation in mammalian cells [43] . The PTGS1 mRNA and protein are found in most tissues under normal physiological conditions to ensure the synthesis of PGs for so-called housekeeping functions [44] . In contrast, PTGS2 mRNA levels in unstimulated tissues are low or undetectable, and PTGS2 protein is not detected at all in unstimulated tissues [45, 46] . However, in stimulated tissues such as follicles at the onset of ovulation, in inflamed tissues, and in activated monocytes, while PTGS1 remains at levels similar to those prior to stimulation, PTGS2 levels are elevated 10-to 80-fold [46] [47] [48] . The expression of PTGS2 in cultured cell lines has yielded results similar to those described for tissues. While PTGS2 concentrations are low in unstimulated cells, stimulation of various cell lines with growth factors [49, 50] , mitogens [51, 52] , inflammatory cytokines such as IL1 and tumor necrosis factor [53] , and lipopolysaccharide [54, 55] dramatically increases PTGS2 expression.
In the ovary, the presence of two antigenically distinct molecular weight variants of PTGS1 and PTGS2 has been detected in the rat [56] . The expression of PTGS2 also has been shown in mural granulosa cells of preovulatory follicles in several other species such as horse [22] , cattle [57] , and mouse [58] . However, the expression patterns of PTGS1 and PTGS2 in porcine COCs were unknown until now. In the present study, we first demonstrated that both PTGS1 and PTGS2 are expressed in immature and mature cumulus granulosa cells in porcine COCs (Figs. 4 and 5) but expression of both genes were not detected in porcine oocytes (Fig. 3) . Our results also show that expression of PTGS2 in porcine cumulus granolosa cells is increased during IVM of COCs, and it is highly timespecific (Fig. 5) , which is similar to the aforementioned studies in other species [46] [47] [48] .
Even though PTGS2 expression was increased in the control group, 96.67% of COCs remained at CCEI 3þ, which is a clear indication of the failure of the COCs to develop to the full expansion stage of CCEI 4þ after 44 h of IVM (Table 3) . Expression of PTGS2 in COCs has been associated with increased concentrations of PG in the maturation medium [59] . It is generally accepted that PG synthesized by PTGS2 plays an essential role in ovulation, based on the fact that inhibition of PTGS2 during the preovulatory period blocks ovulation in cattle [60] as well as in several other mammalian species [61] [62] [63] . Although PG function seems to be required in the ovulation process, and a physiological concentration of PG benefits oocyte maturation, an excessive concentration of and/ or prolonged exposure to PG during the maturation period could be detrimental to cumulus expansion and cytoplasmic maturation of oocytes. In fact, 50 and 100 ng/ml PG added to the oocyte IVM medium reduced the proportion of bovine oocytes that develop into blastocysts 8 days after IVF [64] .
It was already shown that 9cRA can directly suppress PTGS2 transcription by receptor-dependent mechanisms in human colon cancer cells and mammalian epithelial cells [25, 26] . Moreover, 5 nM 9cRA can improve in vitro fertilized embryo production in cattle and pigs [6, 10] . In addition, RA had a positive effect on cell proliferation in several studies [65, 66] . Because our IVC data also showed that 5 nM 9cRA during IVM is beneficial for embryo production (Table 2) , we also measured the ability of 5 nM 9cRA in the IVM medium to stabilize PTGS2 expression, thereby preventing overexpression of the protein. We found that 5 nM 9cRA can suppress PTGS2 expression in cumulus cells compared to the control group (Fig. 5) . Interestingly, 70% COCs of the 5 nM 9cRA-treated group developed to the full expansion stage CCEI 4þ at 44 h of IVM (Table 3) . Thus, we infer that 5 nM 9cRA during IVM successfully stabilized the expression of PTGS2 and probably reduced excessive amount of PG production. As a result, IVM and subsequent embryo development of porcine COCs are improved by the addition of 5 nM 9cRA.
The retinoid-signaling pathway has been very extensively researched in the mouse with an emphasis on its role after gastrulation [67] . However, there is little information in other vertebrates, especially in domestic animals. However it has been shown that bovine cumulus granulosa cells contain RARA, RARG, RXRA, and RXRB [17] . A specific protein, retinolbinding protein, is believed to bind retinol and serve as a transport system for retinol from the blood plasma to its target cell [68] . Following entry into the cell, retinol is first oxidized to retinaldehyde by alcohol dehydrogenases, which is then again oxidized to the active form, RA, by aldehyde dehydrogenases [69] . Retinoic acid is then believed to bind with nuclear RARs and/or RXRs and, along with other specific proteins, form a complex that binds to specific RA-response elements on the DNA [70] . This transcriptional control has been linked to several important homeobox genes, growth factor genes, and other genes important in developmental processes [71] . In the present study, receptors RAR and RXR were detected in both cumulus cells and oocytes, specifically both the RAR family (A, B, and G) and the RXR family (A, B, and G) were detected in immature cumulus cells, whereas 
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RARA, RARB, and RXRG were detected in the immature oocytes (Fig. 6) . These results indicate that RA can exert its function directly on the oocytes and/or indirectly through the cumulus cells. In the in vitro matured cumulus cells, RARA were not detected. However, when COCs were treated with 5 nM 9cRA during IVM, RARB, RARG, RXRA, and RXRB increased significantly (Fig. 7) in cumulus granulosa cells. These results indicate that 9cRA can also exert its effect indirectly through cumulus-granolosa cells; these cells play a very important role during maturation, allowing the oocyte to develop further [72] . Moreover, RARA and RXRG were detected in mature oocytes and increased significantly in the 5 nM 9cRA-treated group (Figs. 6 and 7) . Therefore, 9cRA may activate RARA and RXRG directly in the oocytes.
In conclusion, the results suggest that 5 nM 9cRA is beneficial for parthenogenetic embryo production in pigs; the 9cRA appears to act indirectly through the cumulus cells by stabilizing PTGS2 expression in cumulus granolosa cells, expediting them into full expansion through RARB, RARG, RXRA, and RXRB receptors-signaling pathways, and directly through oocytes via RARA and RXRG receptors-signaling pathways. Further studies are required to elucidate the complete mechanism of RA signaling and regulatory pathways during IVM of porcine COCs.
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